INTRODUCTION
Malaria is the most common vector-borne infectious disease in the world, with nearly 250 million estimated clinical cases among 3.3 billion persons at risk in 2008 and approximately 1 million deaths each year. 1 With a vast majority of cases (85%) Sub-Saharan Africa carries most of the burden. 1, 2 In malaria-endemic areas, children < 5 years of age are at highest risk for malaria morbidity and mortality. The number of disability-adjusted life years, a measure of disease burden caused by malaria, was estimated to be 34 million for 2004 worldwide, with 31 million in sub-Saharan Africa. 3 Malaria alone costs Africa's economy more than US$ 12 billion annually. 4 In the Ashanti Region of Ghana, malaria is prevalent during the entire year and one of the major in-patient causes of death. 5 In contrast to a retrogressive trend of malaria morbidity and mortality in some areas, malaria burden has been increasing in many other areas because of factors such as deteriorating health systems, growing drug and insecticide resistance, failure of water management, and climate, socioeconomic, sociodemographic, and land-use factors. 1, 6, 7 Simple methods that enable accurate forecasting, early warning, and timely case detection in low-and high-transmission areas are needed to enable implementation of more effective control measures. 8, 9 Climate and meteorologic factors (precipitation, temperature, and relative humidity) have considerable impact on Anopheles vector abundance and the extrinsic cycles that the parasites perform inside mosquitoes. Thus, they may affect malaria incidence and constitute driving forces of malaria epidemics. [10] [11] [12] Therefore, precipitation, which is probably the most important climatic factor in tropical areas with relatively constant temperature and humidity, was the focus of our models.
Our objective was to investigate the association between weekly malaria incidence in children < 15 years of age and rainfall in two village clusters of high endemicity during an 18-month period (end of May 2007 to the end of November Criteria were an axillary temperature ≥ 37.5°C and a positive result for a P. falciparum parasitemia (> 0 parasites/μL) during the study period of 90 weeks (end of May 2007 to the end of November 2008). Parasite examinations were conducted according to quality-controlled standardized procedures described elsewhere. 15 Children with cases of malaria who visited the hospital within 21 days after the initial malaria diagnosis were considered as relapses and were not included as a new case. The study was reviewed and approved by the Committee on Human Research, Publications, and Ethnics, School of Medical Sciences, Kwame Nkrumah University of Science and Technology, Kumasi, Ghana.
For the calculation of cumulative incidences, population size, admission rate, proportion recruited, and proportion of the population seeking health care in the study hospital were considered. We used census data to determine that 42% of the population was < 15 years of age. 16 According to a community survey conducted in 2007, 93% of persons from Greater Agogo and 25% of persons from Greater Konongo were seeking health care at the Agogo Presbyterian Hospital. The denominator/reference population for the calculation of incidences was corrected for these proportions. Likewise, the reference population was corrected for the proportion of children that met the inclusion criteria but were not recruited (30%). Weekly malaria incidences per 1,000 inhabitants < 15 years of age were then calculated for each village cluster.
Data on daily rainfall in Agogo and Konongo during March 2007-November 2008 were obtained from the Ghana Meteorological Agency (Accra, Ghana). For both areas, weekly precipitation were calculated.
To model the association between rainfall and malaria incidence during March 2007-November 2008 in the two clusters by linear regression analysis, we used the logarithm of the weekly incidence. If the number of weekly malaria cases equaled zero, we assumed the logarithm of half of the minimum weekly incidence excluding zero. The cross-correlation function between the time series of the weekly precipitation and the log-transformed weekly incidence was analyzed to assess time lags with peak correlations between the course of malaria incidence and the course of precipitation. These time lags were used in the linear regression of precipitation on log-transformed malaria incidence. Furthermore, to account for autoregression of the incidence time series, autoregressive terms of white noise had to be included in the regression model. The following general regression model results were used: where I t = incidence, R t = precipitation and e t = white noise ( e ~N(0,1)) at time t , m = geometric mean of weekly incidence, l ( i ) = i th lag ( i = 1,…,k ), and α i ( i = 1,…,k ) and β i ( i = 1,…,m ), respectively, being regression coefficients. The regression models were applied to estimate expected incidence. Furthermore, using the estimated and observed malaria incidence, we determined that the amount of explained variance (R 2 ) could provide a measure of overall goodnessof-fit. STATA/SE software version 10 (StataCorp LP, College Station, TX) was used for calculations.
RESULTS
During the study period, 7,313 hospital visits by children < 15 years were reported: 5,276 cases from Greater Agogo and 2,037 cases from Greater Konongo. A total of 1,993 (27%) fulfilled the case definition for malaria and thus were included in the analysis. The annual incidence was 270.6 and 144.2 per 1,000 per year in Greater Agogo and Greater Konongo, respectively. The weekly incidence per 1000 inhabitants and weekly precipitation varied over time in both village clusters ( Table 1 and Figure 2 ).
The weekly malaria incidence lagged a few weeks behind weekly precipitation ( Figure 2 ) . The cross-correlation functions for the two village clusters showed a seasonal pattern of the influence of precipitation on the log-transformed incidence ( Figure 3 ) . The cross-correlation function of Greater Agogo clearly indicated a 26-week cycle. Because of low case numbers, the cross-correlation function of Greater Konongo exhibited a large fluctuation with respect to a sinusoidal course. However, the phase difference, i.e., the time lag between a peak in precipitation and in malaria incidence was nine weeks for both areas. Additionally, peaks of the cross-correlations functions at lags of one week and two weeks in Greater Konongo and in Greater Agogo, respectively, indicated a relevant influence of preceding rainfall events on malaria incidence.
If one considers the results of cross-correlation between precipitation and incidence, time lags of nine weeks for both village clusters and one and two weeks for Greater Konongo and Greater Agogo, respectively, were applied for regression modeling. A first-order autoregressive term for the white noise was sufficient to model the autocorrelation of the incidence. For the village cluster of Greater Agogo, all coefficients of the regression model were statistically significant, and the model could explain 63% of incidence variation (R 2 = 0.634) ( Table 2 ). Because of low case numbers in Greater Konongo, the regression model could explain only 31% of incidence variation (R 2 = 0.311), but with a similar regression coefficient ( Table 2 ). Observed and expected malaria incidences, including 95% confidence intervals, in children < 15 years of age according to regression modeling in the two village clusters are shown in Figure 4 . The time series of expected malaria incidences, estimated by the regression models, clearly showed a time pattern that closely followed the time pattern of the observed incidences.
DISCUSSION
The analysis of the malaria epidemiology in two village clusters in Ghana with high endemicity indicated a strong temporal association between rainfall and incidence of malaria. The cross-correlation functions gave the most appropriate congruence of malaria incidence and precipitation with a time lag of 9 weeks (mean = 60 days). This period coincides with the theoretical vector-parasite-host cycle of the three organisms involved under optimum conditions, assuming that the first blood meal of Anopheles is on an infected human and that the temperature is at mean ≥ 25°C ( Figure 5 ). This cycle has three components: 1) the growth of the Anopheles vector from egg to adults that are able to transmit parasites; 2) the development of the Plasmodium parasite in the vector from gametocytes to sporozoites that are able to infect humans; and 3) the incubation period in the human host from infection to the onset of malarial symptoms. 17, 18 According to this timeline, an incidence peak can be expected between day 50 and day 60 after breeding ( Figure 5 ) .
Additionally, the cross-correlation functions showed a strong association between rainfall and the malaria incidence one or two weeks later dependent on the village cluster. This shorter time lag might be caused by higher biting activities of adult mosquitoes at the beginning of rainy season and in due course breeding habitats for the mosquito that soon become available. 19, 20 The modulation of the estimated and observed incidence rates was less coherent in Greater Konongo than in Greater Agogo (demonstrated by a smaller R 2 in Greater Konongo), which may be explained by the lower case numbers and therefore a decreased power. Amplitudes of the expected incidences were lower than those of the observed incidences because of the phenomenon of the regression to the mean. The regression model was not able to predict a peak incidence in Greater Agogo in May 2008 over a time period of 4 weeks ( Figure 2A ). This observation may be explained by exceptional meteorologic conditions. To validate this possibility, temperature and relative humidity from the area was analyzed during March 2007-May 2008. The prevailing temperature in the study area during this period was in the optimum temperature range for An. gambiae and An. funestus , which is approximately ≥ 25°C to 30°C. Thus, temperature should not have influenced the abundance of mosquitoes. Relative humidity, which in Ghana is constantly 85-90% during the entire year, also did not show any aberrations during this interval. The malaria incidence peak in May 2008 was also found in other villages in our study area, which argues against temporal-spatial change of exposure. A temporal reporting bias is improbable because the number of all hospital admissions or the proportion of children included in the study did not increase during this period.
Although the reason for the short increase of the malaria incidence is unknown, the peak does not contradict the model. First, there are certainly temporal and spatial events that influence the malaria incidence, which are unpredictable in the model, e.g., temporal control measures or impassable roads for a limited time. Second, not all relevant events can be detected, e.g., short but intensive rainfall periods or fluctuations of population and hospital personnel. Third, the amount of rainfall per week might not provide all information necessary to predict the likelihood of mosquito breeding and survival. Thus, the optimal conditions for development of breeding sites might be determined by the amount of rainfall until a certain threshold. There is a minimum amount of rainfall required to maintain constant water bodies of a critical size and at other sites, heavy Other investigators have also reported a strong temporal link between climatic indices and increasing risk for malaria disease. In China, increasing monthly malaria incidences were positively correlated with monthly mean climatic variables (relative humidity, temperature, and precipitation), with a one-month lagged effect. 22 In Eastern Sudan, rainfall was a significant climatic variable in the transmission of the disease. 23 However, in a study conducted in central India, no relationship between rainfall and malaria incidence was observed. 24 Instead, in other malaria-endemic areas, mean or minimum temperatures were the best predictors of clinical malaria. 25, 26 However, most such analyses have been carried out at monthly time scale and were not able to provide a time lag on a weekly scale. More precise results with a resolution of weeks such as this study are rarely reported. 27 In addition to climatic factors, the risk for malaria transmission or mosquito abundance may be influenced by other factors such as seasonal fluctuations of migrant workers or the accessibility of the hospital in the rainy season when roads are flooded. However, the study area has a relative stable population, and considerable plantations that would attract seasonal field workers are not present. Additionally, the main road, along which the surveyed villages are located, is a wellconstructed tarred road, which is passable in the rainy season. Therefore, seasonal variation in accessibility should not influence temporal changes of malaria incidence. The importance of socioeconomic factors such as ethnic group, parent's education and occupation, use of protective measures, and the family's financial situation on malaria transmission have been described in a number of studies. [28] [29] [30] Geographic and environmental factors such as altitude and land cover have also been suggested as variables influencing the transmission of malaria. The abundance of water bodies and favorable temperatures, maize plantings, extensive deforestation, or farmland have been associated with increased larval or mosquito abundance and thus increased risk for malaria transmission in human populations. [31] [32] [33] [34] Other studies have used geographic information systems and satellite imagery to investigate environmental factors that potentially drive the dynamics of malaria vector populations [34] [35] [36] and other vector-borne and zoonotic diseases such as dengue fever or hantavirus. [37] [38] [39] It has been shown that the efficacy of control measures such as intermittent preventive treatment (IPT) can be strongly dependent on the present malaria incidence, [40] [41] [42] and it can be assumed that direct and contextual effects increase with malaria risk after an intervention. The results of the present study highlight that it is feasible in holoendemic areas to predict fluctuations in the malaria incidence with information that is easy to obtain. This enables optimizing the planning of malaria interventions. Model of time required from precipitation and deposition of mosquito eggs to onset of malarial symptoms in the human host under optimal conditions. In our study site in Ghana, Anopheles development needs approximately 19 days. Two days after hatching, the female Anopheles mosquitoes need their first blood meal and after uptake of gametocytes, the development in the mosquito (sporogony) takes a minimum of 10 days. After transmission of sporozoites during a bite by an infective mosquito, Plasmodium development in the human host (schizogony) takes approximately seven days. Therefore, it takes a minimum of approximately 38 days under optimum conditions from precipitation and deposition of mosquito eggs to the outcome malaria (assuming that the first blood meal of Anopheles is on an infected human and that the mean temperature is ≥ 25°C). During the rainy season more breeding habitats are available. This factor increases the likelihood that more mosquitoes hatch in a certain period of time and that they reach successively higher densities. The life expectancy of An. funestus and An. gambiae is approximately 30 days at a mean temperature of ≥ 25°C. 18 After the first two days until a female mosquito needs its first blood meal plus the 10 additional days of sporogony and the 7 days of schizogony described in our model, the theoretically remaining life expectancy of a mosquito after the minimum time span of 38 days from precipitation to malaria is 11 more days (30 -2 -10 -7 = 11). Therefore, the mosquito stays infective for 11 more days and can transmit the disease. Thus, if one considers our model, the highest Anopheles densities can be first expected after approximately 50 days (minimum time span of 38 days + 11 days of remaining life expectancy). The successively higher densities could theoretically then be highest after approximately 60 days, which complies with our results.
